that the embryo can be described as a succession of static states. It is concluded that for the range of parameters studied, only the mechanical nonequilibrium of the interface in a quasi-isothermal environment seems to govern the embryo instability.
INTRODUCTION
The intensification of heat transfer is an important issue, as evidenced by the growing number of studies on this topic (Leal et al., 2013a) . Among these studies, those involving the liquid/vapor phase change appear very promising (Agostini et al., 2007) . Nevertheless, the understanding of the phenomena involved during boiling process is not yet complete. For example, the onset of nucleate boiling (ONB) has often been studied empirically and the available nucleation theories are subject to strong assumptions. From a technological point of view, the main problem is the high temperature that must be reached to obtain boiling incipience, so that processes exposed to this high temperature can be interrupted. Another example of a technological problem caused by the delay in the onset of boiling is the priming of two-phase capillary pumped loops. For instance, Dupont et al. (2012) experimentally found a failure rate of a capillary pumped loop startup equal to 18%. The authors noted that the failure depends on boiling incipience conditions: when the evaporator temperature at the ONB is high, the startup of the loop failed more often than when the evaporator temperature at the ONB is low. So, the control of the onset of nucleation appears to be an issue for the technological development of heat transfer enhancement techniques involving liquid-vapor phase change. Hence, the mechanisms involved in the incipience of boiling must be understood in order to control it. Classically, nucleation can be obtained in two ways: by increasing the liquid temperature at constant pressure until boiling occurs or by decreasing the liquid pressure at constant temperature until cavitation appears. In both cases, a pre-existing embryo inside an imperfection of the wall (i.e., a roughness) can be supposed, and the limit of stability of this embryo must be reached to obtain nucleation. The mechanisms governing nucleation have been studied from the boiling point of view and from the cavitation point of view, but the simultaneous action of these two effects on the nucleation has not been yet analyzed.
A technique for controlling the temperature at the nucleation onset when both a heat flux and a decrease of the pressure are applied was developed by Leal et al. (2013b) . It consists in the dynamic deformation of one of the walls delimiting a heated narrow space. Indeed, in confined space, the dynamic deformation of a wall, with sufficient amplitude and frequency, leads to the oscillation of the pressure of the confined liquid. Thus boiling and cavitation processes are simultaneously involved. An experimental device was developed to study the effect of such a dynamic deformation on the nucleation incipience temperature. In this paper, the effects of the amplitude and of the frequency of the deformation as well as the effect of the level of confinement on the decrease of the nucleation temperature are analyzed. The experimental results are compared with the evaluation of the temperature at the onset of boiling using classical theory. We then present the results of a transient model of flow and heat transfer of a vapor embryo trapped in a solid wall when an oscillation of pressure is imposed in the liquid. The aim of this simple modeling is to determine the order of magnitude of the transient effects, both in the solid and in the liquid, in order to determine if these dynamic effects are involved in such a configuration.
EXPERIMENTAL DEVICE AND PROTOCOL
An experimental device was designed and built to study nucleation incipience induced by dynamic deformation of the confinement wall in a narrow space. Figure 1 shows the schematic of the experimental setup. The working fluid (n-pentane) is confined between a heated wall and a confinement wall. The confinement wall (at the top of the narrow space) is circular and is dynamically deformed at its center by a piezoelectric actuator, whereas its periphery is maintained fixed. The heated wall (at the bottom of the narrow space) was polished to obtain ruggedness in the order of magnitude of 0.2 µm. Ten thermocouples were placed very close to the heated surface (at 2 mm) at different radial and angular locations to measure the temperature on the heated surface. The heating system is described in Fig. 2 . The distance e between the confinement wall and the heated wall can be set from 250 µm to 500 µm, while the amplitude of the dynamic deformation a 0 can vary from 60 µm to 210 µm. Because of the small dimensions involved, particular 
FIG. 2:
Schematic view of the heating system. The dimensions indicated in the figure are in millimeters (mm). Ten thermocouples are placed at different radial locations (one at r = 0, three at r = 10 mm, three at r = 15 mm, and three at r = 20 mm).
attention was paid to the different settings required to perform the experiments accurately. Specific procedures have been developed and are described hereafter. More details about the experimental device can be found in Leal (2012) and in Leal et al. (2013b) . Before starting experiments, preliminary settings are required: the flatness of the confinement wall and the parallelism and the gap between the confinement wall and the heated wall must be imposed accurately. To realize these settings, several manually adjustable trolleys are used (Fig. 3) . A three axes of tilt adjustment trolley connects the heated wall to the chassis. The orientation of the heated wall can be modified and so the parallelism between the confinement wall and the heated wall can be adjusted. To impose the parallelism and the gap between these two plates, the distance between the confinement wall and and the heated wall is measured on six different locations with a camera. The selected points are equally distributed on the periphery of the confinement wall. The camera is used to take photography of the gap between each couple of points. An optical lens (×12) is placed over the camera lens to enlarge the image. The spatial resolution of this optical system is equal to 10 µm/pixel. The gap between the confinement wall and the heated wall is then determined by measuring the number of pixels. The accuracy of this measurement is about 3 pixels (30 µm). If the six measured distances are different, the parallelism between the heated wall and the confinement wall is corrected using the three axes of tilt adjustment trolley that allows to change the orientation of the heated wall to be changed. The operation (measurement of the gap and correction of the orientation of the heated wall) is repeated until the dispersion of the various distances is less than 30 µm.
Before any experiment, the confinement wall surface has to be adjusted to be as flat as possible. The periphery of the confinement wall is fixed while its center can be deformed by two different ways: by powering on the piezoelectric actuator (dynamic deformation) or by manually moving up and down vertical trolley 3 (static deformation). To set the flatness, the surface of the confinement wall is visualized using an optical microscope. The camera of the latter is fixed on two horizontal displacement trolleys (XY system). The movement along Y (direction perpendicular to the confinement wall) allows one to adjust the focus of the captured image. The focus depends on the distance between the optical system and the confinement wall surface. An objective with a shallow depth of field (5 µm) is used. Obtaining a sharp image of the surface allows us to determine the distance from the camera to the surface with an accuracy of less than 10 µm). The measurement of the distance between the objective and the confinement wall is repeated in order to obtain the distance at different radius of the confinement wall by moving the camera objective along the X axis. If the measured distances at different radii are not equal, the confinement wall is not flat. The center of the confinement wall is pushed or pulled (using linear stage 3) in order to obtain a surface as flat as possible. Figure 4 shows the result of the setting. The wall was in stainless steel with a thickness equal to 300 µm. It was plastically deformed during its machining, leading to deformations of about 50 µm. This value is acceptable compared to the minimum gap that will be studied (250 µm). For cons, the smallest amplitude studied is equal to 60 µm and the flatness of the wall in this case may not appear satisfactory. However, Figure 3 shows that the effects of the plastic deformation of the wall are reduced when a static deformation of 210 µm is imposed on the confinement wall. In addition, the amplitude of deformation is determined by measuring the displacement of the rod connecting the actuator to the confinement wall, its value does not depend on the original flatness.
EXPERIMENTAL RESULTS
Experiments were carried out in order to study the nucleation incipience induced by the dynamic deformation of the confinement wall. First, experiments with no imposed dynamic deformation are conducted. Second, a dynamic deformation is imposed to the confinement wall and a parametric analysis is carried out.
Once the settings are realized and before each experiment, the working fluid (n-pentane) is degassed. The temperature of the fluid is maintained equal to 308.5 K. The fluid is then slightly subcooled [T sat (p atm ) = 309 K] in order to avoid boiling phenomenon which can occur elsewhere than on the heated surface. Then the following experimental protocol is used. It consists in applying successive small steps of heat flux in the heated wall and waiting that the stationary state is reached for each value of the heat flux. Preliminary experiments without deformation of the membrane have been carried out to determine the range in the amplitude of the imposed electrical power steps for which the results were reproducible.
The nucleation incipience is determined when the heated wall temperatures suddenly fall and bubbles emerge from the narrow space. The nucleation incipience wall superheat is defined as the difference between the maximum heated wall temperature at incipience and the saturation temperature at ambient pressure (pressure within the cell). In all the experiments the pressure in the cell is fixed to the atmospheric value, then ∆T ONB = T w,max,ONB − T sat (p atm ). In order to check the reproducibility of the results, each experiment is repeated at least four times. More details about the experimental protocol can be found in Leal (2012) and in Leal et al. (2013b) .
Experiments Without Deformation
The first series of experiments was performed to obtain the value of pool boiling incipience superheat when the actuator is powered off. Figure 5 reports the characteristic boiling curve obtained by applying steps of heat flux as previously described. The ordinate values are not indicated in this figure because the heat flux crossing through the heated surface is not accurately known (the curves were built considering the imposed electrical power). Two series of experiments carried out several days apart are reported. This figure illustrates the good repeatability of the experiments, as curves are perfectly superimposed except at pool boiling incipience. Table 1 summarizes the values of all the pool boiling incipience superheats obtained during the experiments. The mean standard deviation is about 2 K, which appears to be acceptable taking into account the stochastic nature of boiling incipience classically reported in the literature. The effect of the confinement level on boiling incipience when the actuator is powered off is also reported in Table 1 . It appears that the superheats required to the onset of boiling do not depend on the gap between the confinement and the heated wall. The experimental results obtained when the actuator is powered off show that the superheat required to the onset of pool boiling is about 22.8 K. This result can be compared to the classical theory (Carey, 2007) . The situation considered in the existing nucleation theory consists of a vapor embryo initially trapped in a cavity of the heated wall. The nucleation is supposed to occur when the curvature radius is equal to the aperture radius of the cavity (r c ). The nucleation incipience superheats are theoretically determined using Eq. 1:
Using the classical theory of nucleation and assuming that the order of magnitude of the heated wall cavity is about 0.2 µm, the calculated superheat required to pool boiling incipience is 24.3 K. Thus, in a static situation, theory and experiments are consistent.
Experiments with Dynamic Deformation
The effects of amplitude and frequency deformation on the nucleation incipience superheat are reported in Figs. 6 and 7, while the associated standard deviations are reported in Table 2 . For the ranges of amplitude and frequency considered, the nucleation incipience wall superheat decreases when the frequency and/or amplitude increase. The maximum decrease is very significant (about 86%) and is observed for the maximum of the amplitude and the frequency considered (210 µm and 100 Hz, respectively). Nevertheless, for 20 Hz and 40 Hz, an increase in amplitude above 100 and 150 µm, respectively, does not seem to decrease more over the nucleation incipience wall superheat. In the same manner, at weak amplitude (a 0 = 60 and 96 µm), increasing the frequency above 20 Hz does not imply a decrease of nucleation incipience superheat.
FIG. 6:
Effect of amplitude on nucleation incipience wall superheat for several frequencies (e = 250 µm).
FIG. 7:
Effect of frequency on nucleation incipience wall superheat for several amplitudes (e = 250 µm). Figures 8 and 9 report the effect of the confinement level on the nucleation incipience wall superheat. The standard deviations associated with the results obtained for a gap of 500 µm are reported in Table 3 . As explained previously, an increase in the frequency implies a decrease of the wall superheat at nucleation incipience. Nevertheless, this decrease is more significant when the gap between the heated wall and the confinement wall is small. So, the ONB is correlated to the three experimental main parameters, i.e., the confinement level, the frequency, and the amplitude of the dynamic deformation. One can suppose that the ONB is in fact correlated to the minimum of the instantaneous liquid pressure, which is a function of these three experimental parameters. Indeed, according the
FIG. 8:
Effect of frequency on nucleation incipience superheat for several confinement levels (a 0 = 210 µm).
FIG. 9:
Effect of frequency on nucleation incipience superheat for several confinement levels (a 0 = 150 µm). classical theory of nucleation, the lower the pressure, the higher the probability of the onset of boiling. So a transient hydrodynamic model (Leal, 2012) was developed to determine the minimum of the liquid pressure reached over time in the confinement space. The results of this model were compared to the results provided using a commercial software. The discrepancies were less than 3%. Figure 10 reports the effect of the minimum of the liquid pressure on the nucleation incipience wall superheat as well as the nucleation wall superheats determined using classical static theory (Carey, 2007) .
As expected, experimental wall superheats required to the onset of nucleation decrease with decreasing the minimum of pressure reached over time. Even if the results are dispersed, the minimum of pressure appears as an important parameter to determine the nucleation incipience wall superheat. When no dynamic deformation is imposed to the confinement wall, experimental and theoretical superheats at the onset of boiling are in good agreement. For cons, when the confinement wall is dynamically deformed, high discrepancies are observed between theoretical and experimental wall superheats. So, the classical theory of nucleation failed to describe nucleation by the simultaneous effect of boiling and cavitation, meaning that some dynamic effects drastically influence nucleation. Considering the configuration under study, both temperature and pressure vary over time. So, thermal and momentum inertia effects are analyzed in the following.
Analysis of the Effects of Thermal and Momentum Inertia
Maintaining the hypothesis of an embryo attached to the aperture of the cavity, which provides satisfactory results considering the existing theory in the static case, a transient model was developed to analyze the effect of the heat flux and of the pressure oscillation on the onset of nucleation. The pressure variations over time are imposed far from the embryo, because experimentally these changes are induced by the dynamic deformation of the confinement wall. At the scale of the embryo (characteristic dimension less than 0.2 µm), the fluid velocity at the wall due to the dynamic deformation is almost zero, assuming the nonslip condition. The oscillation of the liquid pressure over time and the phase change induce volume variations of the embryo: the curvature radius of the liquid/vapor interface is changed which causes movement of the liquid surrounding the embryo. To obtain a 1D model, only the main flow direction is considered. Thus, whatever the radius of curvature of the interface is, only the average velocity of the liquid in the radial direction u r (Fig. 11) induced by embryo volume variation and by phase change will be evaluated. Moreover, since the liquid velocity varies near the embryo, the liquid pressure imposed far from the embryo and the liquid pressure surrounding the embryo may be different. The effect of the inertia of the liquid is taken into account in the model to capture this phenomenon.
To model the thermal couplings between the liquid, the vapor, and the interface, the thermal diffusion and the heat transport in the liquid and within the solid are also taken into account. With a 1D model some approximations must be realized to catch the dominant effects of thermal diffusion in the liquid layer near the interface. Indeed, the interface changes its curvature when the pressure oscillates and heat conduction (both in the liquid and in the solid near the triple ligne) is 2-or 3-D. So, a spherical coordinate system considering only radial direction cannot be used to catch all the complexity of the heat transfer near the interface. So the aim of the simplified 1-D model developed is to catch
FIG. 11:
Vapor spherical embryo and definition of the coordinate system required for modeling. Discretization of the different domains defining the embryo.
the dominant mechanisms and to evaluate their intensity and their ability to induce a destabilization of the embryo. From this perspective, some hypotheses have been made to describe the thermal diffusion in the liquid domain. As it is presented in Fig. 11 , the liquid domain starts from r = r c ; the curvature radius of the interface (always attached to the aperture of the nucleation site) is always greater than or equal to this value. So, the interface is always below the boundary defined by r = r c , and the liquid between the interface and this boundary must be considered. We chose to impose an infinite conductivity to the liquid placed in this region and a heat capacity equal to zero. With such considerations, the liquid thermal boundary layer is virtually deported from the position of the interface to the position defined by r = r c , and its evolution can now be considered with a 1-D description. With such hypotheses, the thermal interaction between the liquid boundary layer and the interface is preserved. Nevertheless, some distorsions are introduced. The changes in the heat diffusion in the liquid when the curvature radius (and thus the interface area) is modified are not considered. The surface through which heat diffuses is also always overestimated. Moreover, the whole domain is then divided into two subdomains: the above-half domain is for liquid, while the bottom-half one is for the solid, so the solid-liquid interface becomes an adiabatic interface. The potential impacts of such distorsions will be discussed later regarding the results obtained. The thermodynamic and mechanical equilibria of the interface are assumed to be instantaneously established. The characteristic time of the thermal diffusion within the embryo (nanosecond) is very small compared to the characteristic time of the pressure oscillation (0.01 s) and of the thermal diffusion within the liquid and the solid. This allows one to consider that the temperature (and pressure) is uniform within the vapor embryo and at its interfaces. Furthermore, it is assumed that the liquid is noncompressible and that the vapor behaves as an ideal gas. Since the modeling scale is the micrometer, the gravitational potential energy is neglected. The set of equations is given in the Appendix. Details on the development of this set of equations can be found in Leal (2012) .
The model requires (from a numerical point of view) the discretization of the different domains of the system. Figure 11 provides a schematic view of the modelled system. On either side of the embryo are the solid domain and the liquid domain. The embryo is small compared to these two areas and is then supposed pointlike. The liquid domain and the solid domain are discretized. The implicit system of equations is numerically solved using a fourth order Runge-Kutta method.
As a first step, the effect of liquid pressure oscillation on the embryo is examined in the case where the wall is not heated. In such a configuration, the embryo is in an initially isothermal environment. The initial temperature is then determined by the initial radius of curvature of the liquid/vapor interface, considering the pressure in the liquid is the atmospheric pressure. Indeed, the pressure in the vapor can then be determined and equilibrium temperature can be deduced. This value is chosen as the boundary condition for the liquid and vapor domains. The size of the domains is selected to be sufficiently large compared with the size of the boundary layers. Thus the results are not affected by this size. The initial value of the liquid velocity at the position r = r c is equal to zero. For this simulation, the values of physical properties correspond to the experimental ones (see Table 4 ). Moreover, the oscillation of the liquid pressure far from the embryo is assumed to be p l (∞, t) = p atm + ∆p l sin(2πf t), where ∆p l and f are, respectively, the amplitude (10 4 Pa) and the frequency (100 Hz) of the liquid pressure oscillation over time.
The periodic pattern obtained shows a lack of destabilization of the embryo. The effects of the liquid pressure oscillation on the curvature of the interface are not significant since the amplitude of the pressure fluctuation in the liquid is very low compared to the pressure difference on either side of the interface (amplitude of variation of the curvature radius less than 0.01 µm, Fig. 12 ). The simulation also shows that the liquid inertia has no effect on the pressure of the liquid surrounding the embryo. Thus, the oscillation of the liquid pressure imposed to the liquid surrounding the embryo is equal to the liquid pressure oscillation imposed far from the embryo, that is to say the one imposed by the dynamic deformation of the confinement wall. Furthermore, the temperature of the embryo is almost unchanged (the amplitude of the interface temperature is around 10 −6 K): heat fluxes induced by successive condensation and vaporisation (around 3 Wm −2 ) at the interface are quickly diffused in the liquid and in the solid wall. The curvature of the liquid/vapor interface describes a succession of static states corresponding to the wall temperature (equal to the vapor temperature) and the liquid pressure at different times. So even if the diffusion of heat in the peripheral direction is not considered and if the liquid-solid interface has been supposed adiabatic, and some distorsions have been introduced about the area of the interface, the orders of magnitude of the heat flux involved and of the temperature elevation observed allow one to conclude that the isothermal situation cannot be changed by a more complete model of heat conduction. Consequently, nucleation incipience superheats, taking into account that the conduction phenomena and inertial effect of the liquid are the same as those obtained by the stationary model in which the liquid pressure is imposed equal to the minimum value of the pressure reached over time.
To summarize, the thermal equilibrium of the embryo with the wall is not affected by pressure oscillation (quasistatic oscillation). The temperatures of the vapor and of the interface are therefore constant. So the model suggests that, for the range of parameters studied, only the mechanical nonequilibrium of the interface in a quasi-isothermal environment seems to govern the embryo instability. Indeed, in the configuration considered in this model, the contact line is assumed to be attached to the aperture of the cavity wall. Assuming that the contact line is no longer attached, effects of the contact angle hysteresis should change the nucleation condition. This aspect remains to be studied.
CONCLUSION
The parametric analysis has been conducted and several conclusions are drawn:
i. Nucleation incipience superheat decreases with increasing frequency.
ii. Nucleation incipience superheat decreases with increasing amplitude.
iii. The decrease in nucleation incipience superheat with frequency is less important as the space between the heated wall and the confinement wall is high.
iv. The nucleation incipience superheat decreases as the minimum of liquid pressure decreases.
Great discrepancies are observed between nucleation superheats experimentally measured and those theoretically determined.
In order to understand the physical phenomena that control the behavior of an embryo trapped inside a cavity of the heated wall and over which the pressure of the surrounding liquid oscillates over time, a numerical tool has been developed. The results of this model showed that the liquid inertia has no significant effect on the evolution of the embryo over time. Moreover, the pressure oscillation has no significant influence on the thermal equilibrium of the embryo with the wall and with the liquid. The embryo describes a succession of static states. Since thermal and inertia effects do not explain the sharp decrease in the superheat required for the onset of nucleation experimentally obtained, other physical phenomena must be taken into account. So, further studies are required to better understand the behavior of the embryo in such a nonstationary configuration. 
INITIAL CONDITIONS In order to start in equilibrium conditions (in the situation where no pressure fluctuation is imposed) after setting the liquid pressure at the atmospheric pressure and choosing a radius of curvature, the pressure in the vapor is determined from the Laplace equation and the equilibrium temperature of the interface is deduced. The initial temperature profiles in the liquid and the solid are imposed constant with this value. The interface radius of curvature allows one to determined the volume of the vapor embryo. By knowing its temperature and pressure, its mass can be determined. Finally, the velocity of the fluid at the initial time is set to 0.
BOUNDARY CONDITIONS The boundary conditions are:
-the time evolution of the liquid pressure
-the boundary temperature of the solid at the opposite position of the embryo -the boundary temperature of the liquid at the opposite position of the embryo.
